Purpose The Cobb angle as an objective measure is used to determine the progression of deformity, and is the basis in the planning of conservative and surgical treatment. However, studies have shown that the Cobb angle has two limitations: an inter-and intraobserver variability of the measurement is approximately 3-5 degrees, and high variability regarding the definition of the end vertebra. Scoliosis is a three-dimensional (3D) pathology, and 3D pathologies cannot be completely assessed by two-dimensional (2D) methods, like 2D radiography. The objective of this study was to determine the intraobserver and interobserver reliability of end vertebra definition and Cobb angle measurement using X-rays and 3D computer tomography (CT) reconstructions in scoliotic spines. Methods To assess interoberver variation the Cobb angle and the end vertebra were assessed by five observers in 55 patients using X-rays and 3D CT reconstructions. Definition of end vertebra and measurement of the Cobb angle was repeated two times with a three-week interval. Intraclass correlation coefficients (ICC) were used to determine the interobserver and intraobserver reliabilities. 95% prediction limits were provided for measurement errors. Results Intraclass correlation coefficient (ICC) showed excellent reliability for both methods. The measured Cobb angle was on average 9.2 degrees larger in the 3D CT group (72.8°, range 30-144) than on 2D radiography (63.6°, range 24-152). Conclusions In scoliosis treatment it is very essential to determine the curve magnitude, which is larger in a 3D measurement compared to 2D radiography.
Introduction
Accuracy and consistency are crucial in the radiographic assessment of scoliosis. The findings of these measurements have significant implications for the treatment and management of patients [1] . Decisions to observe, brace, or recommend surgical intervention for scoliosis are based in large part on radiographic criteria, especially the Cobb angle [2] . The Cobb method has become the standard parameter for quantifying scoliosis curve magnitude [3] . However, the Cobb method has some limitations. Studies of interobserver and intraobserver reliability in measurement of the Cobb angle have shown a measurement error of approximately 3-5° [3] [4] [5] [6] . Sources of error may include a wrong definition of end vertebra, an incorrect drawing of the lines through end plates or through the pedicles, and drawing of perpendiculars or the measurement of the angle itself [7] . The Cobb angle is usually assessed from anterior-posterior or posterior-anterior standing radiographs. However, scoliosis is a threedimensional (3D) deformity, whereas the Cobb angle measured in a plane X-ray is a two-dimensional (2D) value. 3D pathologies cannot be completely assessed by 2D methods, like radiography. The direction of the X-ray beam cannot be adjusted to display the largest extent of the curve. Thus, accurate measurement of the radiological extent of the deformity is hardly possible. New software technologies and the improvement in CT accuracy have made it possible to generate anatomically accurate and detailed 3D reconstructions of the vertebral column. The aim of our study was to investigate Cobb angle measurement in 3D reconstructed images of the spine and to compare them with conventional supine radiographs, as well as to determine the interobserver and intraobserver variability associated with both techniques.
Materials and methods
Anterior-posterior digital full-length spine supine radiographs and CT scans of the vertebral column were performed in 55 patients with idiopathic and neuropathic scoliosis. Therefore the patients' feet were positioned in a sub-talar joint neutral position with each foot on the ground and standing in a relaxed manner. The chin was directed as if to avoid its shadow on the spinal X-ray radiographs. Furthermore, the arms while standing were maintained straight in relaxed position on both sides.
A General Electrics Lightspeed 16 © (GE Healthcare, Wisconsin, USA) was used with 100 kV, 100 mA source, rotation 0.8 sec, DFOV 15, noise index 20 and slice thickness of 0.625 mm. Scan coverage was vertebral levels C1 to S1.
Reformatted three-dimensional (3D) reconstructions were produced from the axial CT slides using the Advantage imaging processing software (Advantage Windows V4.01, GE Medical Systems). The 3D reconstructions of the whole spine can then be rotated virtually in any direction (Fig. 1) . Therefore, the largest extent of every single scoliotic curve can be assessed. Five observers, including two experienced spine surgeons, two spine fellows and one senior paediatric orthopaedic surgeon were instructed to measure the Cobb angle. They were all familiar with the measurement method of the Cobb angle and carried out the measurements independently twice in each setting (measurement on digital radiographs, measurement of the 3D reconstructions), with a three-week interval between each session. All observers were blinded to their prior measurements and to the other observers. In a first step end vertebrae were defined in the radiographs and the 3D reconstructions. In a second step the Cobb angles were measured with predefined end vertebrae. Therefore, the upper and lower end vertebrae of each curve were defined by the senior author by measuring the maximum inclination angle on the same radiographs and 3D images. Lines were drawn through the end plates of each vertebra, and the one with the largest angle to the horizontal was defined as an end vertebra. The radiographs as well as the 3D reconstructions were all blinded and numbered. The measurements were carried out using the Advantage Windows software. For the 3D reconstructions of the vertebral column the observers were asked to rotate the curve to the largest extent of curve magnitude. The end plates of the end vertebra had to be a single clear line perpendicular to the view of the observer. Then the Cobb angles were measured. For Cobb angle measurement lines were drawn through the end plates of the upper and lower end vertebrae of the curve. The program measured the Cobb angle automatically.
Statistical analysis
The intraclass correlation coefficient (ICC) two-way mixed model on absolute agreement was used to analyze measurement reliability [8] . The values of the ICC can range from 0 to 1, with a higher value indicating better reliability. ICC less than 0.40 was considered as poor, 0.40-0.59 as fair, 0.60-0.74 as good, and 0.75-1.00 as excellent [8] . The deviations of mean values, as well as maximum and minimum values were calculated with descriptive statistics. Additionally, summary statistics from analyses-of-variance calculations were used to provide 95% prediction limits for the error in measurements. The Cobb angle, upper vertebra, and lower vertebra for conventional radiography and 3D reconstructions groups were compared for significant differences using the Wilcoxon test for non-parametric data. Statistical analyses were performed using SPSS 12.0 software (SPSS Inc., Chicago, IL, USA). 
Results
Significant differences between the two methods were found for the Cobb angle and lower vertebra ( Table 1 ). The mean Cobb angle was 63.6 (range 24-152) for all radiographs and 72.8 (range 30-144) for all 3D reconstructions. This difference was statistically significant (p < 0.001). The distribution of curve angles is shown in Table 2 . For the definition of end vertebrae and Cobb angle, the intraobserver ICC was excellent in the radiographs and in the 3D reconstructions, except for the definition of the lower end vertebra of observer 2 in the 3D reconstructions (Table 3) . Lowest variability (0.53 levels) for the upper proximal vertebra was found for radiographs (Table 4) . Interobserver ICC was excellent for all parameters except for lower vertebra in the 3D reconstructions (0.74). Interobserver reliability for the Cobb angle was excellent (radiographs, 0.93-0.97; 3D reconstructions, 0.92-0.96) for both methods. Variability of Cobb angles was similar for both methods, but the minimum and maximum values had a larger range in the 3D reconstructions (3.57°; range 1.36-10.64 / radiographs, 3.62°; range 0.72-6.96).
Discussion
Recent decades have witnessed significant advances in the treatment of scoliosis. Critical to these advancements has been the progress made in determination of radiological parameters [9] . Scoliosis is a complex 3D anomaly of the spine including deviations in the frontal plane, modifications of the sagittal profile, rotations in the transverse plane, and alterations of the rib cage [10] . Owing to the introduction of digital radiography, important parts of the spine can be enlarged and seen more clearly by modifying the contrast, and the margins of the vertebrae can be enhanced by computerized options. Despite this technical support, an inaccuracy in angle measurement persists due to a disadvantage of the Cobb method itself. Inter-and intraobserver variabilities of approximately 3-5°h ave been published [4, 7] . Another systematic bias is that there is a high variability in end vertebra selection. We still measure a two-dimensional value of a three-dimensional structure. The end plate does not have a trajectory as a single clear line when the angle of its plane is other than perpendicular to the plane of the film. Even in the best conditions, an end plate that appears fusiform on the screen or on the film cannot be reduced to a single line [7] . Since each vertebra has a distinct rotational component, it is impossible to select a plane in X-rays in which the scoliotic region has a true anterior-posterior or posterior-anterior view of profile projection [11] . Especially, in combined deformities, like kyphoscoliosis or lordoscoliosis, the determination of the true Cobb angle is nearly impossible with conventional radiography [10] (Figs. 1 and 2 ). Stagnara stated that in cases of severe scoliosis the apical vertebral rotation was so appreciable that the upper vertebrae were seen only on the lateral view in the anteroposterior radiograph [12] . In some cases the kyphosis detected on the lateral radiograph is not real kyphosis, but the frontal curve of the scoliotic spine that has been displaced into the sagittal plane as a result of the appreciable vertebral rotation [12] . Thus, the radiographic image is just a simple, mere projection or a shadow of a three-dimensional structure. The widespread use of CT represents probably the single most important advance in diagnostic radiology. The continuing improvement in CT techniques and software has made 3D CTreconstructed images a new tool for assessing 3D deformities. 3D reconstructed CT images are well-established diagnostic methods in vascular, transplantation and neuro-surgery [13] [14] [15] .
Although CT radiation doses still limit their use for routine repeated scoliosis assessment, in very few cases a single preoperative CT scan for surgical planning may be justifiable. In some hospitals a single preoperative CT scan is performed in cases of patients undergoing complex scoliosis surgery Table 3 Intraobserver reliability and variability of Cobb angle measurements comparing 2D radiographs (2D) with 3D CT reconstructions (3D) Measure Intraobserver reliability was calculated with ICC (single measure and 95% CI). Intraobserver variability was calculated as average deviation from total mean (min deviation, max deviation) Interobserver reliability was calculated with ICC (single measure and 95% CI). Interobserver variability was calculated as average deviation from total mean (min deviation, max deviation) Fig. 2 Showing the conventional measurement of a Cobb angle by means of an X-ray. The Cobb angle measured here is approximately 20°smaller compared to the 3D reconstructions of the whole spine (Cobb > 100°) [16] . In these cases appropriate decisionmaking is essential as to whether the pedicle diameters are large enough for screw placement. A preoperative CT scan allows for safer screw sizing and positioning because it helps to assess the pedicle diameter [17] . The remaining CT reconstructions measured in the present study were carried out for other medical reasons than surgical planning. Recently published data have shown that the estimated radiation dose for a 3D CT reconstruction can be reduced to 3.7 millisieverts (mSv) [18] . 3D measurements can also be evaluated with the help of the EOS software imaging system [19] . This system is based on posteroanterior and lateral views of the spine. These authors also showed that routine 2D measurements of deformities underestimate the amount of Cobb angle because of the axial plane rotation. These techniques have the advantage that a software calculates a 3D reconstruction of the spine based on radiographs of the standing patient [20, 21] .
We aimed to compare the intraobserver and interobserver reliability in the definition of end vertebrae, as well as in Cobb angle measurement in radiographs of scoliotic spines comparing digital radiographs and in 3D CT images. We found no significant difference in the intraobserver or interobserver reliability between conventional radiography and 3D CT images in Cobb angle measurement and determination of the end vertebrae. The intraobserver reliability for the Cobb angle found in this study was nearly the same for both methods (mean ICC radiographs, 0.978; mean ICC 3D CT images, 0.961). The variability and reliability of Cobb angle measurement in 3D CT images described in the present study are comparable to the results previous studies reported for manual or digital measurement of plain radiographs [7, 22] . We measured the Cobb angle with predefined end vertebrae because it has been shown that the reliability is higher when the error of end plate selection is limited [7] .
A limitation of the present study is that Cobb angles measured from a supine CT cannot be directly compared with fulllength standing radiographs due to changes in spinal geometry. Torell et al. reported an average deviation of 8.8°compar-ing standing and supine radiographs [23] . A decrease of the average Cobb angle from 56°to 39°regarding standing and supine position was shown by Yazici et al. [24] . Therefore, we compared the 3D CT images with supine full-length spine radiographs. Carman, using conventional radiographs, found that a difference of approximately 10°had to be present to be 95% confident that a true change in spinal geometry had occurred [3] . We found a mean difference of 9.2% between 3D CT images and radiographs (p < 0.005) ( Table 2 ). The explanation for the difference during 3D measurements might be that the observer could rotate the 3D reconstruction of the spine 360°to measure the Cobb angle (Figs. 1 and 2) . In daily clinical routine, conclusions about the severity of scoliosis and risk of progression are often drawn from the Cobb angle measurement of the major curve on the standing coronal image.
Another limitation of our study is that CT radiation doses currently preclude CT use in routine clinical practice and Cobb angle measurement in non-complex scoliosis. However, future advances in multislice CT will allow for lower dosages and faster acquisition times, thus enabling the increased use of CT for the assessment of scoliotic deformities. Currently the dosage can be reduced to 3.7 mSv [16] .
Our data suggest that the Cobb angle of the scoliosis might be significantly larger than usually measured by plain X-rays. This should be especially considered in decision-making for conservative or surgical treatment in borderline scoliosis. We believe that, in comparison with conventional radiography, our 3D CT images of the spine feature a higher resolution and yield superior results regarding the "real" Cobb angle. Low inter-and intraobserver reliability and high variabilities in end vertebra definition are the reported major limitations of the Cobb angle. The difference of approximately 10°between 3D and 2D measurement found in the present study demonstrates another limitation of the Cobb angle.
